The tachykinin neuropeptides, substance P and substance K, are produced in nociceptive primary sensory neurons and in many brain regions involved in pain signaling. However, the precise role and importance of these neuropeptides in pain responses has been debated. We now show that mice that cannot produce these peptides display no significant pain responses following formalin injection and have an increased pain threshold in the hotplate test. On the other hand, the mutant mice react normally in the tail f lick assay and acetic acid-induced writhing tests. These results demonstrate that substance P and͞or substance K have essential functions in specific responses to pain.
The tachykinins are a family of structurally related neuropeptides. In the mouse, they are encoded by the genes Tac1 and Tac2. Tac1 produces substance P, substance P (neurokinin A), neurokinin A (3-10), neuropeptide K, and neuropeptide ␥ as a result of differential splicing and posttranslational processing (1) (2) (3) (4) . Tac2 produces the peptide neurokinin B.
The undecapeptide substance P was first detected by von Euler and Gaddum (5) in 1931. Its structure was revealed by Leeman and her coworkers (6, 7) in 1971. The Tac1 cDNA was cloned in 1983 by Nakanishi and his coworkers (2, 8) . The Tac1 gene is expressed in many regions in the central and peripheral nervous system, as well as in nonneuronal tissues. Substance P has been implicated in a variety of physiological processes including cardiovascular, respiratory, and gastrointestinal functions; inflammatory responses; and nociception. In addition, Hunt and coworkers have suggested that substance P may be involved in axon guidance during embryonic development (9) .
The precise role of substance P in these processes is unclear. For example, substance P is synthesized in nociceptive primary sensory neurons, which send C-and A␦ fibers to dorsal horn projection neurons in lamina I and IV-V, and to nociceptionspecific interneurons in lamina II-III of the spinal cord. Axons of projection neurons terminate in many supraspinal nuclei that are involved in pain transmission (10, 11) . Nociceptive stimulation triggers the release of substance P from C-afferent terminals in the marginal layers of the spinal cord (12) , evokes slow excitatory postsynaptic potentials in second-order sensory neurons in the dorsal horn, and facilitates their activation (13) . These data, together with other functional evidence (11, 14) , indicated an important role for substance P in the processing of nociceptive signals.
We have begun to use a genetic approach to study the functions of tachykinin peptides. As a first step, we have generated mice with a targeted mutation in the Tac1 gene. These mice are viable and fertile, but exhibit striking defects in nociceptive behaviors.
MATERIALS AND METHODS

Generation and Breeding of Tac1
؊͞؊ Mice. Tac1 mutations were established by homologous recombination in MPI2 embryonic stem (ES) cells according to standard protocols (15) . One mutant ES cell line was used to derive chimeras by morula aggregation and blastocyst injection. These chimeras were crossed with C57BL͞6J mice. ES cell-derived F1 offsprings were identified by their agouti coat color and genotyped by PCR (see Fig. 1 ). Chimeric animals were crossed to C57BL͞6J mice to obtain F1 offspring with a mixed 129 ϫ C57BL͞6J genetic background that were either wild type or heterozygous for the Tac1 mutation. Three Tac1 alleles can be distinguished in these F1 animals: the 129-derived mutant Tac   tTAneo   allele,  the 129-derived Tac1   129 allele, and the C57BL͞6J-derived Tac1 C57 allele ( Fig. 1 A) RIAs. Radioimunoassays were performed on brain-extracts using a substance P RIA kit (RIK-7451, Peninsula Laboratories) according to the recommendation of the manufacturer. Substance K and neurokinin B levels were determined after HPLC fractionation by RIA using an antibody that binds both peptides (RIK-7359, Peninsula Laboratories).
Immunohistochemistry. Immunohistochemistry was performed as described (16) by using primary antibodies from different species [calcitonin gene-related peptide (CGRP) Peninsula Laboratories, catalog no. IHC 6009, 1:1000, raised in rabbit, and substance P, Chemicon, catalog no. MAB356, 1:1000, rat monoclonal). All fluorescent secondary antibodies were affinity purified Fab 2 fragments of the IgG that have been previously cross-absorbed with IgG from the other species (rabbit and rat, respectively) and produced for the specific purpose of multiple labelings (Jackson ImmunoResearch).
In Situ Hybridization. Twelve m thick sections were processed for in situ hybridization histochemistry as described (17) from two animals of each genotype. A full-length cDNA clone (a gift of J. Krause) was used to produce a riboprobe template containing T3 and T7 polymerase sites between nucleic acids 386-776 (GenBank accession no. M64236). Riboprobes were generated by using 35 Behavioral Experiments. Animals were 8-20 weeks old when tested and were housed in a temperature-and humiditycontrolled vivarium that was kept on a 12-h dark-light cycle (light on 7:00 EST). Animals had free access to food and water. All behavioral experiments were performed between 9:00 EST and 12:00 EST.
The tail flick assay was performed by using an automated tail flick apparatus (Columbus Instruments, Columbus, OH) by using standard procedures. The cut-off time was 12 s. Stress-induced analgesia was assessed after baseline tail flick testing. To produce stress-induced analgesia, individual mice swam for 90 s in a 4-l glass beaker filled with water at a temperature of 4°C (Ϯ0.5°C). After each swim, mice were patted dry and allowed to rest for 10 min before the tail flick test was repeated.
The hotplate test was performed by using an electronically controlled hotplate analgesia meter (Columbus Instruments, Columbus, OH) heated to 52°C (Ϯ0.1°C). The cut-off time was 120 s. The latency until mice showed first signs of discomfort (paw-lifting, -licking or -shaking; jumping) was recorded.
For the abdominal constriction assay, mice were separated into individual cages and injected i.p. with 10 ml͞kg 0.6% (wt͞vol) acetic acid. A few minutes after the injection, animals showed typical abdominal constrictions-lengthwise stretches of the torso with a concomitant concave arching of the back. These were counted from 2-12 min after the injection.
In the formalin assay, 20 l of a 5% formalin or 0.9% saline solution were injected subcutaneously under the dorsal surface of the right hindpaw. The animals' responses were recorded between 1-10 min and 21-30 min after the injection as described (15) . All animal experiments were approved by the National Institute of Mental Health Animal Care and Use Committee.
RESULTS
Mice with a Targeted Disruption of the Tachykinin 1 Gene.
We disrupted the Tac1 gene in ES cells by replacing parts of exons two and three with a tTA-neo cassette (Fig. 1 A) , and obtained germline chimeric animals from one targeted ES cell clone (Figs. 1 B and D) . As genetic background may affect behavioral responses (18, 19) , we used a breeding scheme to produce knockout (Tac1 Homozygous Tac1
Ϫ͞Ϫ mutant mice were obtained with the expected Mendelian frequency; they had no gross physical abnormalities, were similar in size and weight to Tac1 ϩ͞ϩ mice, and appeared healthy over a period of at least 6 months. Hence, contrary to what might have been expected, substance P is not essential for survival under laboratory conditions. All animals were fertile and cared for their offspring.
Expression of Tachykinin Neuropeptides and the Substance P Receptor NK1. Tachykinin peptide levels were assayed in brain extracts of wild-type Tac1 ϩ͞ϩ and homozygous Tac1 Ϫ͞Ϫ animals by RIA (Fig. 2A) ; neither substance P nor substance animals. In contrast, levels of neurokinin B, which is encoded by a different gene, were similar in wild-type and mutant mice. Substance P levels in heterozygous animals were reduced by Ϸ50% (data not shown). Immunohistochemical staining of brain sections revealed an almost complete disappearance of substance P immunoreactivity (Fig. 2B) . We did notice some residual immunostaining of nerve fibers in a few distinct brain areas, which may be due to antibody crossreactivity. Together the RIA and immunhistochemical data indicate that we have created a Tac1 null allele. The distribution and levels of the substance P receptor NK1 mRNA (20, 21) were analyzed by in situ hybridization (17) . The number and distribution of NK1 receptor mRNA positive cells in the striatum were similar in wild-type and mutant mice, but the expression levels per cell were higher in mutant animals (P Ͻ 0.0005, ANOVA) (Fig.  2C) , suggesting a compensatory increase in NK1 receptor mRNA, due to the lack of its natural ligand. Nociceptive Behaviors. To investigate behavioral responses to pain stimuli in Tac1 Ϫ͞Ϫ mutant mice, homozygous Tac1 Ϫ͞Ϫ , and control Tac1 ϩ͞ϩ animals were tested in several assays of nociception (22) . First, responses to noxious thermal stimuli were studied. The tail flick assay was employed to measure spinal pain reflexes and the hotplate assay was used to measure pain responses that involve higher cerebral functions (supraspinal responses). Tail flick latencies were indistinguishable between Tac1 Ϫ͞Ϫ and Tac1 ϩ͞ϩ animals at both light intensities used (Fig. 3A) . Furthermore, animals of both genotypes exhibited similar delay in tail flick latency after analgesia was induced by swim stress. In contrast, mutant animals displayed a highly significant (P Յ 0.0005, Mann-Whitney U test) delay in pain responses when tested with the hotplate assay (Fig. 3B) .
We next studied the behavioral responses of mutant and wild-type animals to noxious chemicals. The abdominal constriction assay evaluates visceral pain responses (writhing) after i.p. injection of a dilute acetic acid solution. Writhing is known to be abolished by spinal or cerebellar transections, but not by midbrain transection and is thus thought to be a lower brainstem response (22) . There was no significant difference in the number of episodes of writhing between Tac1 ϩ͞ϩ and Tac1 Ϫ͞Ϫ during a 10-min observation period ( Fig. 3C ; P ϭ 0.26, Mann-Whitney U test).
Subcutaneous formalin injection into the dorsal surface of the hind paw elicits a biphasic behavioral response (23, 24) . The first phase starts immediately after the injection and lasts for Ϸ5 min (acute phase); after a short quiescent period the second phase (tonic phase) starts and lasts for Ϸ40 min. Both responses include behaviors such as licking, shaking, and elevating the affected paw and they are mediated by supraspinal structures. Surprisingly, mutant Tac1 Ϫ͞Ϫ animals showed virtually no pain responses in either phase of this test and behaved like a control group of Tac1 Ϫ͞Ϫ mice injected with saline (Fig. 3D) .
Sensory Neurons. The increased pain threshold of Tac1 Ϫ͞Ϫ mice in the hotplate and formalin assays cannot be attributed to the loss of primary sensory neurons in Tac1 Ϫ͞Ϫ mice, since dorsal root ganglia (DRGs) from Tac1 ϩ͞ϩ and Tac1 Ϫ͞Ϫ were very similar in size and contained a similar number of neurons (Fig. 4A) . Moreover, we found no difference in the number and distribution of small-diameter CGRP-immunoreactive cells in DRGs from Tac1 ϩ͞ϩ and Tac1 Ϫ͞Ϫ mice (Fig. 4B) . CGRPcontaining nerve terminals were also similarly distributed throughout the dorsal horn in mice of both genotypes. As almost all of the small-diameter primary sensory neurons coexpress substance P and the CGRP (25, 26) , these data indicate that there was no significant loss of primary sensory neurons that normally produce substance P.
DISCUSSION
Here we show that mice with a targeted mutation in the Tac1 gene fail to produce the tachykinin neuropeptides substance P and substance K. Tac1 mutant animals develop normally, but they are hypoalgesic in two assays for nociception, the hotplate and the formalin tests. In other nociceptive tests, tail flick assay and acetic acid induced writhing, there was no difference between wild-type and knockout mice. Our results clearly demonstrate the essential role of these neuropeptides in some, but not all, nociceptive responses.
Paw-licking and paw-lifting were most affected by the Tac1 mutation. These behaviors involve supraspinal mechanisms, while tail flick and writhing, which were normal in Tac1 Ϫ͞Ϫ mice are thought to involve spinal or brain stem reflexes (22) . On the other hand, the nociceptive defect in Tac1 knockout mice did not relate to the nature of the nociceptive stimulus (thermal vs. chemical), its duration (acute vs. tonic), or its escapability (tail flick͞hotplate vs. acetic acid͞formalin).
Could the deficiency in nociception result primarily from functional alterations in substance P-containing supraspinal sites involved in the processing of painful stimuli, such as thalamic nuclei, the periaequaductal gray, or the locus coeruleus? At present, we cannot rule out this possibility, but it is FIG. 2. Expression of tachykinin neuropeptides and the substance P receptor NK1 mRNA. (A) Substance P peptide levels (mean Ϯ SEM.) were determined by RIAs in whole brain extracts after HPLC fractionation (Tac1 ϩ͞ϩ , n ϭ 4; Tac1 Ϫ͞Ϫ , n ϭ 4). (B) Immunohistochemistry reveals disappearance of SP immunoreactivity in the brain of Tac1Ϫ͞Ϫ mice. The figure shows immunostaining of nerve fibers in the central amygdala (arrow) of the Tac1ϩ͞ϩ brain in brightfield and darkfield. The darkfield image of the Tac1Ϫ͞Ϫ brain shows the complete lack of immunoreactivity in the identical region. CA, central amygdala; IC, internal capsule; OT, optic tract. (C) NK1 receptor mRNA levels were analyzed by in situ hybridization of coronal sections through the striatum and subsequent quantitation by using National Institutes of Health IMAGE (cell number: Tac1 ϩ͞ϩ , n ϭ 37; Tac1 Ϫ͞Ϫ , n ϭ 58; mRNA levels are shown on an arbitrary scale). The microscopic darkfield image also demonstrates that the area over cells covered by silver grains is larger in the striatum of Tac1Ϫ͞Ϫ animals. (1998) hard to ignore the body of data suggesting that substance P plays a significant role in the modulation of nociceptive signals at the level of the spinal cord. Substance P is expressed in Ϸ6-20% of all DRG cells, depending on the segmental level (27) . Functional characterization of DRG neurons by electrophysiological means, followed by immunohistochemical analysis revealed that 50% of C-fiber neurons and 20% of A␦-fiber neurons, but no A␣͞A␤-fiber neurons produce substance P (28). A major subset of substance P positive DGR neurons also produce neurokinin A (29) . Substance P containing afferents from primary sensory neurons project to second order neurons in the superficial layers of the spinal cord that normally receive nociceptive inputs (30, 31) . Release of substance P produces a strong and long lasting excitation of these spinal neurons and facilitates their activation by noxious stimulation (32) (33) (34) (35) . Intrathecal injection of substance P causes scratching responses and caudally directed biting (36, 37) . The virtual absence of pain-related behaviors in both phases of the formalin test in Tac1 direct stimulation of primary afferents fibers by formalin, while the second (tonic) phase is thought to involve inflammatory events and ongoing activation of nociceptors. Formalininduced release of substance P into the dorsal horn parallels behavioral nociceptive responses and electrical activity of dorsal horn neurons (38) (39) (40) (41) , suggesting that substance P may be important in the transmission of the nociceptive signal. On the other hand, tachykinin receptor antagonists have not consistently shown a clear involvement of substance P in formalin-induced pain; some investigators found antagonisteffects primarily during the early phase (42, 43) , while others found effects during the late phase (44-47), or both phases (48, 49) . The interpretation of the pharmacological data is further complicated by the fact that some antagonists exhibit NK1 receptor independent effects (50) and may also affect motor behaviors that can interfere with the behavioral test (51) .
In addition to substance P, formalin injection also triggers the release of excitatory amino acids (52) and other neuropeptides including CGRP, neurotensin, and somatostatin (53) . It has been shown that substance P interacts synergistically with these transmitters in the excitation of second order neurons (54) (55) (56) . Although primary (glutamatergic) transmission may persist, it is conceivable that the lack of substance P and substance K in Tac1 knockout animals results in alterations of ascending pain signals at the level of the spinal cord in such a manner that fewer supraspinal pain responses are elicited.
Interestingly, we have previously shown that mice that cannot produce the opioid peptide enkephalin, also exhibit defects in supraspinal assays while spinal responses were unaffected (15) . Enkephalin, which is synthesized by inhibitory interneurons in lamina III (and to some extent in II) of the dorsal horn, inhibits the release of substance P (57, 58) and glutamate (59) from primary afferents. Mice that make no enkephalin exhibited shorter response latencies in the hotplate assay and highly abnormal responses in the formalin test. Thus, mutations in the Tac1 and enkephalin-genes, had opposite effects on pain responses. It is tempting to speculate that the enkephalin and Tac1-derived neuropeptides modulate nociceptive inputs antagonistically and influence whether a nociceptive stimulus is experienced as pain.
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